Introduction
============

Gastric cancer, which is initiated from the stomach, is the 15th most common cancer in USA and also the third most common cause of cancer death.[@b1-ott-11-6811],[@b2-ott-11-6811] Since many patients are at advanced stage of gastric cancer, it is difficult to cure gastric cancer. For gastric cancer therapy, we have not achieved remarkable improvements in the relapse-free and overall survival of gastric cancer, due to its treatment failure, recurrence, and metastasis.[@b3-ott-11-6811],[@b4-ott-11-6811] Thus, gastric cancer is considered to be a big mortality burden for global human health.

Gastric cancer-initiating cells (CICs), which are the seed of gastric cancer, are considered to be responsible for treatment failure, recurrence, metastasis, and multi-drug resistance of gastric cancer.[@b5-ott-11-6811],[@b6-ott-11-6811] Therefore, the elimination of gastric CICs could contribute greatly to the eradication of gastric cancer. CD44, a cell-surface glycoprotein associated with cell adhesion, interactions, and migration, is considered to be one marker for gastric CICs.[@b5-ott-11-6811],[@b6-ott-11-6811] Takaishi et al showed that CD44^+^ gastric CICs are more aggressive compared with CD44^−^ gastric cancer cells, as reflected by their increased self-renewal, proliferative, clonogenic, and tumorigenic properties.[@b5-ott-11-6811],[@b6-ott-11-6811]

Gene therapy, which is the removal or alteration of genes in cells for disease therapy, is regarded as an up-and-coming approach for various diseases, especially for cancer.[@b7-ott-11-6811],[@b8-ott-11-6811] The advantages of gene therapy include high specificity, low side effects, and curability in some cases.[@b7-ott-11-6811],[@b8-ott-11-6811] Currently, there have been several studies that reported the therapeutic effect of gene therapy against CICs using adenovirus and peptide complex as gene vectors.[@b9-ott-11-6811],[@b10-ott-11-6811] For example, Long et al reported that adenovirus-mediated truncated Bid overexpression induced significant cell apoptosis in CD133-positive ovarian CICs.[@b10-ott-11-6811] It is noteworthy that siRNA-based gene therapy is regarded a good therapeutic approach for various diseases.[@b11-ott-11-6811]--[@b13-ott-11-6811] Since siRNA molecules alone are not able to cross cellular barriers, nanoparticles have emerged as effective approach to significantly increase the cellular delivery of siRNA and facilitate translational use of siRNA.[@b11-ott-11-6811]--[@b13-ott-11-6811]

Among siRNA-loaded nanoparticles, cationic liposomes represent as one efficient siRNA delivery system.[@b14-ott-11-6811] However, the application of siRNA-loaded cationic liposomes has severely been hampered by their short shelf life, since siRNA in aqueous solution is easy to be degraded by nuclease, and cationic liposomes also have a risk to lose their entrapped siRNA.[@b7-ott-11-6811] Notably, cationic liposomes developed with the lyophilization/rehydration approach could conquer the problem of short shelf life. The lyophilization/rehydration method consists of two steps, including the lyophilization of drug-free liposomes and drug encapsulation by rehydration of drug-free liposomes with the drug suspended in aqueous solutions.[@b15-ott-11-6811] Like all lyophilized liposomes, siRNA-loaded cationic liposomes developed with the lyophilization/rehydration approach make siRNA in its aqueous form only when in the use of liposomes, resulting in the risk of being degraded by nuclease and premature release of siRNA from liposomes minimal.[@b16-ott-11-6811] Currently, Gao et al, Peer and Margalit developed lyophilized liposomes for siRNA delivery and demonstrated that they exhibited long shelf life, superior transfection efficacy, and gene-silencing activity.[@b15-ott-11-6811],[@b17-ott-11-6811]

Special AT-rich sequence binding protein 1 (SATB1) is a protein participating in tissue-specific gene expression and higher-order chromatin organization.[@b18-ott-11-6811] SATB1 has been reported to promote cancer metastasis and invasion and contribute to the unfavorable clinicopathological characteristics and poor prognosis of various cancers, such as gastric, liver, breast, and colorectal cancers.[@b18-ott-11-6811],[@b19-ott-11-6811] The knockdown of SATB1 significantly prevented the cancer growth and metastasis.[@b20-ott-11-6811],[@b21-ott-11-6811] Notably, SATB1 participates in the maintenance of stem cells and CICs.[@b22-ott-11-6811],[@b23-ott-11-6811] Therefore, SATB1 represents not only a superior candidate target in cancer cells but also in CICs.

To promote drug delivery to cancer cells, currently a considerable interest has been paid to antibody-targeted nanoparticles that could obtain targeted cancer therapy.[@b24-ott-11-6811],[@b25-ott-11-6811] It is well-known that antibody-targeted nanoparticles have improved the therapeutic effect of chemotherapy in various cancers.[@b26-ott-11-6811],[@b27-ott-11-6811] Since CD44 is a marker of gastric CICs, we hypothesize that the CD44 antibody could be used to promote the delivery of siRNA-encapsulated cationic liposomes to gastric CICs.

In this study, aiming to target and eliminate CD44^+^ gastric CICs, we constructed SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies (CD44-SATB1-ILs). The characteristics, targeting, and therapeutic effect of CD44-SATB1-ILs toward gastric CICs were investigated.

Methods
=======

siRNA, lipids, kits, antibodies, and cell medium
------------------------------------------------

The synthesis of the siRNA targeting human SATB1, negative control siRNA (NC siRNA), and 6-carboxy-fluorescein phosphoramidate (FAM)-labeled NC siRNA (FAM is a green fluorescent dye) done by Shanghai GenePharma Co., Ltd. (Shanghai, People's Republic of China) (the sequence of these siRNAs is shown in [Table S1](#SD1-ott-11-6811){ref-type="supplementary-material"}). 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), cationic lipids), cholesterol, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine \[methoxy(polyethylene glycol)-2000\] (DSPE-mPEG), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[maleimide(polyethylene glycol)-2000\] (DSPE-PEG-Mal) were bought from Avanti Polar Lipids (Alabaster, AL, USA). 2-Iminothiolane (used for production of thiols, Traut's Reagent) and organic reagents were all bought from Sigma-Aldrich (St Louis, MO, USA). Recombinant rat anti-human CD44 monoclonal antibody (mAb) was provided by the R&D Systems, Inc. (Minneapolis, MN, USA), and the CD44 Fab' from CD44 mAb was prepared as described before.[@b28-ott-11-6811] The rat derived anti-human CD44 antibody linked with Alexa Fluor^®^ 488 was also from R&D Systems, Inc. The CD44 MicroBead Kit were purchased by Shanghai Miltenyi Biotec (Shanghai, People's Republic of China). The Cell Counting Kit-8 (CCK-8) kit was bought from Dojindo Laboratories (Kumamoto, Japan). The Pierce BCA Protein Assay Kit, Roswell Park Memorial Institute 1640 (RMPI-1640) medium, fetal bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM)/F12, B27, epidermal growth factors (EGF), basic fibroblast growth factors (bFGF), and insulin-transferrin-selenium (ITS) were purchased from the Thermo Fisher Scientific (Waltham, MA, USA).

Cell culture
------------

MKN-45 and NCI-N87 are two human gastric cancer cell lines purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were maintained in a humidified atmosphere of 5% CO~2~ in the RMPI-1640 medium at 37°C. The RMPI-1640 medium was supplemented with 10% FBS, hydroxyethyl piperazine ethanesulfonic acid (HEPES, 25 mM), streptomycin (antibiotics, 100 µg/mL), and penicillin (antibiotics, 100 U/mL).

Flow cytometry-based CD44 analysis and magnetic cell sorting-based separation
-----------------------------------------------------------------------------

Flow cytometry was carried out to do the cellular CD44 expression analysis. In short, the gastric cancer cells dissociated into single cells were washed and incubated with the fluorescent antibody (anti-human CD44 Alexa Fluor^®^ 488-conjugated antibody at 1 µg/mL) for 0.5 hour at 4°C. After the incubation, the cells were washed thrice with PBS, aiming to wash away unconjugated fluorescent antibody. In the end of the assay, the washed cells were suspended in PBS, and a FACS Calibur FCM (Becton Dickinson, Franklin Lakes, NJ, USA) was used to analyze the proportion of positively stained cells.

The separation of CD44^+^ cells from the gastric cancer cells was done according to the protocol provided by the CD44 MicroBead Kit from the Shanghai Miltenyi Biotec, and a FACS Calibur FCM was used to analyze the proportion of positively stained cells as described above.

Analysis of the formation of the tumorspheres
---------------------------------------------

The formation of tumorspheres was analyzed to evaluate the self-renewal ability of gastric CICs when the single cells are suspended in serum-free medium. In short, gastric cancer cells suspended in stem cell medium were cultivated in ultra-low adherent 6-well dishes (Corning Incorporated, Corning, NY, USA). The density of the suspended cells was 5,000 cells/well, and the components of stem cell medium included DMEM/F12, B27 (1×), ITS (1×), EGF, and bFGF (both cytokines were of a concentration of 20 ng/mL). After the cells were cultivated in the stem cells medium for 7 days, the counting of the number of tumorspheres was carried out under a conventional microscope. For the acquisition of the second passage tumorspheres, the tumorspheres of the first passage were washed with PBS and then the washed tumor-spheres were dissociated by the cell dissociation reagent (StemPro^®^ Accutase^®^; Thermo Fisher Scientific). Then, the dissociated tumorspheres were then propagated.

Development of siRNA-encapsulated immunoliposomes
-------------------------------------------------

siRNA-encapsulated immunoliposomes were developed as described below according to a protocol established before.[@b15-ott-11-6811],[@b17-ott-11-6811] Briefly, a mixture of different lipids (DOTAP, cholesterol, DSPE-mPEG, and DSPE-PEG-Mal, 48:48:1:3, molar ratios) was dissolved in chloroform, and the evaporation of chloroform was performed to completely remove the chloroform, aiming to form a dry lipid film. Then, 2 mL PBS was added to hydrate the dried lipid film, resulting in the multilayer liposomes (MLL). After hydration, the extrusion of the resultant MLL into unilamellar liposomes (ULL) was carried out. The extrusion was done with a hand-held liposome extruder (Avestin, Ottawa, ON, Canada) and used decreasing 200 nm and 100 nm pore-sized membranes (Nuclepore, Whatman; GE Healthcare, Chicago, IL, USA). For per pore size, ten cycles were carried out. Furthermore, the thiolation of CD44 Fab' was performed with 2-iminothiolane at a 1:100 molar ratio of Fab' to 2-iminothiolane. The thiolated CD44 Fab' was incubated with the obtained liposomes (the molar ratio of DSPE-PEG-Mal/Fab' is 10/1) with 12 hours at room temperature, aiming to conjugate thiolated antibodies to liposomes. Next, Amicon centrifugal filters (MWCO: 100 kDa) were used to remove unconjugated Fab'. Nontargeted liposomes were developed similarly as described above without the addition of the Fab'. Lyophilized liposomes were obtained as follows. Briefly, liposomes were mixed with sucrose (the final sucrose concentration was 9%, w/v) and lyophilized for 18 hours using the freeze dryer (VirTis^®^ AdVantage™ Benchtop, SP Scientific, Gardiner, NY, USA). After lyophilization, the lyophilized liposomes were hydrated by siRNA solution in DEPC-treated water (2 µM), as described below. Lyophilized liposomes (8 µg liposomes) were hydrated with 30 µL siRNA solution and incubated at 25°C for 1 hour. The siRNA encapsulation was performed immediately before use. FAM-siRNA-loaded immunoliposomes were prepared in the same way as siRNA-loaded immunoliposomes.

The following abbreviations are used to designate the liposomes: CD44-SATB1-ILs (SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies); CD44-NC-ILs (NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies); SATB1-Lipo (SATB1 siRNA-encapsulated liposomes); and NC-Lipo (NC siRNA-encapsulated liposomes).

The ultrafiltration of the liposomes was used to evaluate the conjugation efficacy of antibodies on liposomes. Briefly, after the antibodies were conjugated to the liposomes, the mixture of antibodies/liposomes was centrifuged with the Amicon centrifugal filters (nominal molecular weight limit is 100 kDa) to remove unconjugated antibodies. The unconjugated antibodies were measured by the Pierce Protein Assay Reagent Kit. In the end, the conjugation efficacy of antibodies on liposomes was evaluated with the following equation: (M~t~ − M~u~)/M~t~ (M~t~: the mass of total antibodies; M~u~: the mass of unconjugated antibodies).

The size, zeta potential, encapsulation efficacy (EE), and stability assay of liposomes
---------------------------------------------------------------------------------------

The siRNA encapsulation efficiency of liposomes was evaluated as described below, using the ultrafiltration method. In short, 2 mL FAM-siRNA loaded liposome solution was taken out and added into the Ultra-4 centrifugal filter devices (EMD Millipore, Billerica, MA, USA). Then, the centrifugation was performed, with the desk centrifuge (30 minutes at 3,500 × *g*), aiming to remove the unencapsulated siRNA. After centrifugation, 4 mL deionized water was added again, and the centrifugation was repeated. The ultrafiltration was performed for four times, and unencapsulated FAM-siRNA was gathered. In the end, the FAM-siRNA was quantified by the constructed calibration line of FAM-siRNA. Using the Synergy™ 4 (BioTek Instruments, Inc., Winooski, VT, USA), the fluorescence of FAM-siRNA was examined (wavelength of excitation: 495 nm, wavelength of emission: 525 nm). The siRNA encapsulation efficiency was calculated with the formula: (the mass of total siRNA minus the mass of unencapsulated siRNA)/the mass of total siRNA × 100%.

The evaluation of the stability of liposomes was performed as follows. First, the liposomes were suspended in various media, including PBS, PBS with 10% FBS, or 20% FBS. Then the solution was incubated at 25°C for 5 days. In each day, an aliquot of liposomes was taken out for the analysis of the size change of liposomes.

In vitro targeting of fluorescent liposomes to gastric cancer cells
-------------------------------------------------------------------

We adopted flow cytometry to examine the in vitro targeting of fluorescent liposomes. Briefly, gastric cancer cells were cultured on 12-well cell culture plates overnight at 37°C. The density of gastric cancer cells was 5 × 10^5^ cells per well. Then, the old medium of each well was replaced with fresh medium which was dissolved with liposomes (the final FAM-siRNA concentration was 200 nM). The incubation of the fluorescent liposomes with the gastric cancer cells was taken for hours. Then, the gastric cancer cells were washed thrice and trypsinized to be dissociated single cells. In the end, the washed cells were suspended in PBS for the analysis with a FACS Calibur FCM.

Reverse transcription of cDNA, quantitative polymerase chain reaction (PCR), and Western blot
---------------------------------------------------------------------------------------------

With TRIzol reagent, the RNA of the gastric cancer cells was extracted. With the Reverse Transcription System kit, the reverse transcription was done to provide the first-strand cDNA. After transcription, using the SYBR™ Green PCR Master Mix, PCR was taken with a Roche Light Cycler (Hoffman-La Roche Ltd., Basel, Switzerland), and a PCR procedure described as follows: denaturation step: 95°C for 2 minutes; 40 cycles: 3 seconds denaturation at 95°C, 10 seconds annealing at 55°; extension step: 25 seconds at 72°C. By the 2^ΔΔCq^ approach, the quantification of the expression of mRNA was carried out. The sequences of β-actin and SATB1 primers are listed in [Table S1](#SD1-ott-11-6811){ref-type="supplementary-material"}.

For the analysis of protein expression by Western blot, the protein was extracted from the cells and 50 µg protein was first run in SDS-PAGE. After SDS-PAGE running, the transfer of protein was done by electricity to the membrane made of polyvinylidene fluoride. After transfer, the antibodies were used to detect the protein: the primary antibody (polyclonal rabbit anti-human SATB1 antibody; Abcam PLC, Cambridge, MA, USA) and the secondary antibody (the horseradish peroxidase \[HRP\]-conjugated goat anti-rabbit antibody; Abcam PLC). The internal antibody was the β-actin antibody. The Amersham™ ECL Plus™ kit (GE Healthcare) was used to detect the bands.

The cytotoxic effect of liposomes toward the gastric cancer cell lines
----------------------------------------------------------------------

The cytotoxic effect of liposomes toward the gastric cancer cell lines was examined with the CCK-8 assay using the protocol provided by the producer. Briefly, the gastric cancer cells were washed, trypsinized into single cells, and inoculated in the 96-well cell culture plates overnight. In the cell culture plates, the density of the gastric cancer cells was 3 × 10^3^ cells/well. After inoculating overnight, the old medium was discarded and changed with fresh medium containing liposomes (200 nM siRNA) for 6 hours. After 6 hours, the drugs were discarded and fresh medium was replaced. Seventy-two hours later, the cell viability was measured as the protocol provided in the CCK-8 kit. The cell viability of the gastric cancer cells was examined by the absorbance obtained by a Microplate Reader (Multiskan MK3).

The impact of liposomes on the gastric CICs proportion
------------------------------------------------------

The examination of the tumorsphere formation and proportion of CD44^+^ cells were done to measure the impact of liposomes on the gastric CICs proportion of the gastric cancer cells. In brief, gastric cancer cells were washed, trypsinized into single cells, and inoculated overnight in 12-well cell culture plates. The density of gastric cancer cells was 5 × 10^4^ cells per well. After overnight incubation, the old cell culture medium was discarded. After the removal of the medium, the cells were washed with PBS. After washing, the fresh medium dissolved with the liposomes (200 nM siRNA) was added to the cells, and the incubation took further 6 hours. Six hours later, the drugs were discarded, and fresh medium was replaced. The incubation was taken for 72 hours. Then the cells were washed and trypsinized to single cells, and the formation of tumorspheres measured as described in the "Analysis of the formation of the tumorspheres" section. The percentage of tumorsphere formed of the treated group was normalized to the untreated control group of which the percentage is defined as 100%. Alternatively, the percentage of CD44^+^ cells of the trypsinized cells was measured by flow cytometry as described above.

The colony formation assays
---------------------------

After the gastric cancer cells were enzymatically dissociated into single cells, the gastric cancer cells were washed and resuspended in serum-containing medium. Then, the gastric cancer cells were seeded in 12-well plates overnight. The cell density was 1 × 10^5^ cells per well. After overnight incubation, the cells were washed and incubated with the fresh medium dissolved with the liposomes (200 nM siRNA). After 24 hours, the cells were trypsinized into single cells and seeded in six-well plates. The cell density was 2,000 cells per well, then grown in culture medium for 7 days at 37°C. Finally, the staining of colonies was performed using crystal violet (1%) for 20 minutes. The counting of colonies was performed to evaluate the effect of drugs on colony formation.

Statistical analysis
--------------------

The difference between two groups was measured by the Student's non-paired *t*-test, and the differences among three or more groups were measured by one-way ANOVA. *P*-values \< 0.05 were statistically significant. All data were presented as mean ± SD, unless otherwise stated.

Results
=======

Fabrication and properties of immunoliposomes
---------------------------------------------

CD44-SATB1-ILs were fabricated by the three consecutive steps, including lipid film-based approach, lyophilization, and hydration. As shown in [Figure 1](#f1-ott-11-6811){ref-type="fig"}, after the preparation of the liposomes, the thiolated antibodies were linked to the liposomes via the reaction of sulfhydryl groups on the antibody and maleimide groups. The size and other characteristics of liposomes are shown in [Figure 2A](#f2-ott-11-6811){ref-type="fig"}. The size of immunoliposomes was a little larger than that of conventional liposomes. CD44-SATB1-ILs and CD44-NC-ILs were 159.3 and 156.8 nm, respectively, whereas NC-Lipo and SATB1-Lipo were 145.8 and 148.1 nm, respectively. The zeta potential of all the liposomes was positive and around 15--20 mV. The small polydispersity index (\<0.2) of all liposomes showed the homogeneity of our prepared liposomes. Notably, the EE of all liposomes was higher than 90%, indicating that lyophilization/hydration approach represents an efficient way to encapsulate siRNA. The stability experiment, in which the liposomes were incubated in mediums for different periods, was evaluated in [Figure 2B](#f2-ott-11-6811){ref-type="fig"}. An increase of about 15 nm was observed in the size of the liposomes, when they were in PBS + 10% FBS and PBS + 20% FBS, compared with that in PBS. However, the stability of liposomes was rather superior during the whole incubation period, suggesting that serum did not markedly affect the stability of liposomes.

The in vitro targeting of liposomes to gastric cancer cells
-----------------------------------------------------------

FAM-siRNA is an siRNA labeled with green fluorescence and could be used to track the in vitro targeting of siRNA-encapsulated liposomes in cells. As shown in [Figure 3A](#f3-ott-11-6811){ref-type="fig"}, in CD44^+^ MKN-45 cells, the uptake of FAM-siRNA CD44-NC-ILs was prominently higher than that of FAM-siRNA NC-Lipo at every time points (at 1 hour, *P* \< 0.05; at 2 hours, *P* \< 0.01; at 4 and 6 hours, *P* \< 0.001; at 12 hours, *P* \< 0.01). However, in CD44^−^ MKN-45 cells, FAM-siRNA CD44-NC-ILs showed similar uptake to FAM-siRNA NC-Lipo at every time points ([Figure 3B](#f3-ott-11-6811){ref-type="fig"}). In the case of NCI-N87 cells, similar results were achieved ([Figure 3C and D](#f3-ott-11-6811){ref-type="fig"}). FAM-siRNA CD44-NC-ILs showed increased uptake compared with FAM-siRNA NC-Lipo in CD44^+^ NCI-N87 cells at every time points, whereas it showed similar uptake compared with FAM-siRNA NC-Lipo in CD44^−^ NCI-N87 cells. Taken together, the increased uptake of FAM-siRNA CD44-NC-ILs in CD44^+^ gastric cancer cells is dependent on the interaction of CD44 antibody and CD44 overexpressed on the CD44^+^ gastric cancer cells.

The SATB1 silencing ability of liposomes in gastric cancer cells
----------------------------------------------------------------

After the demonstration of the targeting activity of liposomes to gastric cancer cells, the SATB1 silencing ability of liposomes in gastric cancer cells was measured in both the mRNA and protein levels ([Figure 4](#f4-ott-11-6811){ref-type="fig"}). We first evaluated the gene-silencing activity of liposomes in MKN-45 CD44^+^ cells ([Figure 4A](#f4-ott-11-6811){ref-type="fig"}). As expected, NC-Lipo and CD44-NC-ILs barely affect the gene expression of SATB1. The gene-silencing activity of SATB1-Lipo is poor and only inhibited the gene expression of SATB1 by \~30%. On the contrary, CD44-SATB1-ILs remarkably inhibited the gene expression of SATB1 by \~80%, showing superior gene-silencing activity than SATB1-Lipo and CD44-NC-ILs (*P* \< 0.001). We next evaluated the gene-silencing activity of liposomes in MKN-45 CD44^−^ cells. Notably, CD44-SATB1-ILs exhibited similar poor gene-silencing activity to SATB1-Lipo, and both liposomes only suppressed the SATB1 mRNA expression by \~25% ([Figure 4B](#f4-ott-11-6811){ref-type="fig"}). The analysis of the SATB1 protein expression after liposome treatment obtained the similar results shown in [Figure 4C--F](#f4-ott-11-6811){ref-type="fig"}. In MKN-45 CD44^+^ cells ([Figure 4C and E](#f4-ott-11-6811){ref-type="fig"}), NC-Lipo and CD44-NC-ILs barely affect the protein expression of SATB1. The protein suppression activity of SATB1-Lipo is poor and only inhibited the gene expression of SATB1 by \~30%, whereas CD44-SATB1-ILs markedly inhibited the gene expression of SATB1 by \~80%, showing superior gene-silencing activity than SATB1-Lipo and CD44-NC-ILs (*P* \< 0.001). In MKN-45 CD44^−^ cells, CD44-SATB1-ILs exhibited similar poor protein suppression activity to SATB1-Lipo, and both liposomes only suppressed the SATB1 protein expression by \~30% ([Figure 4D and F](#f4-ott-11-6811){ref-type="fig"}). Therefore, these results confirmed that CD44-SATB1-ILs had potent SATB1-suppressing activity in CD44^+^ but not CD44^−^ gastric cancer cells.

The cytotoxic effect of liposomes against the gastric cancer cells
------------------------------------------------------------------

The cytotoxic effect of liposomes on the proliferation of gastric cancer cells is investigated in [Figure 5](#f5-ott-11-6811){ref-type="fig"}. NC-Lipo and CD44-NC-ILs barely affected the cell viability of MKN-45 CD44^+^ cells. SATB1-Lipo moderately inhibited the cellular proliferation of MKN-45 CD44^+^ cells by 40%. It is noteworthy that CD44-SATB1-ILs remarkably inhibited the cellular proliferation of MKN-45 CD44^+^ cells bŷ80%, and the cellular proliferation inhibitory effect of CD44-SATB1-ILs was superior than SATB1-Lipo (*P* \< 0.01). However, in MKN-45 CD44^−^ cells, CD44-SATB1-ILs showed similar proliferation inhibitory effect to SATB1-Lipo, and both liposomes only suppressed the proliferation of MKN-45 CD44^−^ cells by \~30%. As for NCI-N87 cells, similar results were achieved. In CD44^+^ NCI-N87 cells, the cytotoxic effect of CD44-SATB1-ILs was remarkably higher compared with SATB1-Lipo (*P* \< 0.001), whereas its cytotoxic effect was similar to SATB1-Lipo CD44^−^ NCI-N87 cells. In summary, CD44-SATB1-ILs showed preferential cytotoxic effects toward CD44^+^ gastric cancer cells.

The impact of liposomes on the gastric CICs proportion
------------------------------------------------------

[Figure 6](#f6-ott-11-6811){ref-type="fig"} shows the impact of liposomes on the percentage of gastric CICs, using the examination of tumorspheres formation and percentage of CD44^+^ cells. In MKN-45 cells, the treatment with SATB1-Lipo moderately decreased the number of tumorspheres (*P* \< 0.05), whereas NC-Lipo and CD44-NC-ILs barely affect the number of tumorspheres ([Figure 6A](#f6-ott-11-6811){ref-type="fig"}). Notably, the number of tumorspheres after CD44-SATB1-ILs treatment is significantly decreased compared with SATB1-Lipo (*P* \< 0.01) and CD44-NC-ILs (*P* \< 0.001). In NCI-N87 cells, similar results were achieved ([Figure 6B](#f6-ott-11-6811){ref-type="fig"}). Although SATB1-Lipo moderately decreased the number of tumorspheres (*P* \< 0.05), CD44-SATB1-ILs exhibited the best therapeutic efficacy in inhibiting the number of tumorspheres in NCI-N87 cells.

Consistent with the above results, after CD44-SATB1-ILs treatment, the percentage of CD44^+^ MKN-45 cells was remarkably reduced to 20%, from \~55% of CD44^+^ cells found in the original MKN-45 cell line ([Figure 6C](#f6-ott-11-6811){ref-type="fig"}). The percentage of CD44^+^ MKN-45 cells moderately decreased tô40% after treatment with SATB1-Lipo. Similar results were obtained in the case of NCI-N87 cells ([Figure 6D](#f6-ott-11-6811){ref-type="fig"}).

Therefore, CD44-SATB1-ILs possessed the best efficiency toward the inhibition of formation of tumorspheres and percentage of CD44^+^ cells, thus presents a promising treatment of elimination of gastric CICs.

The effect of liposomes on colony formation in vitro
----------------------------------------------------

The effect of liposomes on colony formation in vitro was evaluated by crystal violet staining. After gastric cancer cells were incubated with liposomes for 24 hours and grown in fresh culture medium for 7 days, the number of colonies was counted ([Figure 7](#f7-ott-11-6811){ref-type="fig"}). The representative images of the colony formation after treatment are shown in [Figure 7A](#f7-ott-11-6811){ref-type="fig"}, and the number of the colonies was counted ([Figure 7B and C](#f7-ott-11-6811){ref-type="fig"}). In MKN-45 cells, SATB1-Lipo reduced the formation of colonies compared with NC-Lipo (*P* \< 0.01) ([Figure 7B](#f7-ott-11-6811){ref-type="fig"}). Notably, the formation of colonies was significantly reduced by CD44-SATB1-ILs compared with SATB1-Lipo (*P* \< 0.01) and CD44-NC-ILs (*P* \< 0.001). Similar results were obtained in NCI-N87 cells ([Figure 7C](#f7-ott-11-6811){ref-type="fig"}). SATB1-Lipo reduced the formation of colonies compared with NC-Lipo (*P* \< 0.05) in NCI-N87 cells. Once again, the number of colonies after the treatment of CD44-SATB1-ILs was significantly lower than SATB1-Lipo (*P* \< 0.05) and CD44-NC-ILs (*P* \< 0.001).

Discussion
==========

Since gastric CICs are considered to be the seed of gastric cancer, the eradication of gastric CICs could achieve better cancer therapeutic effect. Considering that CD44 is the marker of gastric CICs, hereby, we constructed SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies (CD44-SATB1-ILs), to target gastric CICs. In this study, CD44-SATB1-ILs showed significantly improved targeting and therapeutic effects toward gastric CICs.

Gene therapy is regarded as an up-and-coming treatment for various diseases such as cancer.[@b7-ott-11-6811],[@b8-ott-11-6811] Also, gene therapy is thought to be an alternative with much reduced effects to chemotherapy that are associated with lots of side effects.[@b7-ott-11-6811],[@b8-ott-11-6811] The gene vector is one of the main challenges encountered in application of gene therapy in clinic.[@b7-ott-11-6811] Gene vectors are broadly classified into two categories: viral vectors and non-viral vectors. The non-viral vectors, including liposomes, and other nanoparticles, have several superior advantages than viral vectors. The advantages of non-viral vectors over viral vectors include biodegradability, low toxicity, and ease of synthesis. Therefore, non-viral vectors achieved extensive research interests.[@b29-ott-11-6811] Particularly, cationic liposomes composed of DOTAP/cholesterol is one of the most efficient gene vectors.[@b30-ott-11-6811] Nevertheless, the development of cationic liposomes was significantly impeded by their short circulation lifetime.[@b31-ott-11-6811] The modification of poly(ethylene glycol) (PEG) in cationic liposomes could significantly prolong the short circulation lifetime of cationic liposomes.[@b32-ott-11-6811] In our studies, we prepared PEGylated cationic liposomes, aiming to prolong the in vivo circulation time of cationic liposomes. However, siRNA in aqueous solution is susceptible to nuclease and the easy degradation of siRNA severely hampers the application of siRNA in clinic.[@b7-ott-11-6811] Since the widespread use of siRNA-loaded liposomes is impeded by their instability, lyophilization is a very effective approach to increase the stability of liposomes.[@b33-ott-11-6811] Only when in use, lyophilized liposomes are hydrated with siRNA solution and immediately used for therapeutic application.[@b15-ott-11-6811],[@b17-ott-11-6811] The rather short time of siRNA in aqueous solution avoids the long-time interaction of siRNA with nuclease.[@b15-ott-11-6811],[@b17-ott-11-6811] Although the current liposomes in the market are generally prepared by the active-loading approach, such as ammonium sulfate gradient method, the reason is that most chemotherapy drugs such as doxorubicin are rather stable and not easy to be degraded.[@b34-ott-11-6811] In the case of siRNA, which is susceptible to be degraded by nuclease, the lyophilization approach represents a practical method for preparation of siRNA-encapsulated liposomes.[@b35-ott-11-6811] Therefore, our lyophilized siRNA-encapsulated liposomes represent a very up-and-coming approach in the facilitation of siRNA-based therapy in clinic.

To enhance the targeting and gene-silencing activity of cationic liposomes, the development of immunoliposomes is a practical way.[@b11-ott-11-6811],[@b12-ott-11-6811] The most commonly adopted ligands is antibody, and the Fab' of mAb was often used due to its better penetration into solid tumors, reduced immunogenicity, and improved pharmacokinetic profiles, compared with the mAb.[@b25-ott-11-6811],[@b26-ott-11-6811] In fact, antibody-conjugated nanoparticles represent a promising strategy toward various cancers because they can significantly enhance the therapeutic efficacy of chemotherapy drugs.[@b25-ott-11-6811],[@b26-ott-11-6811] It is noteworthy that there have been three antibody-conjugated nanoparticles loaded with chemotherapy drugs (doxorubicin and docetaxel), which have already successfully translated into early-phase clinical trials.[@b36-ott-11-6811],[@b37-ott-11-6811] Those results of the early-phase clinical trials demonstrated the good safety and efficacy of antibody-conjugated nanoparticles.[@b36-ott-11-6811],[@b37-ott-11-6811] In our study, the selection of CD44 antibodies is very critical for the specific targeting of our developed immunoliposomes to gastric CICs. The results showed that, in CD44^+^ gastric CICs, CD44-SATB1-ILs showed significantly increased targeting compared with SATB1-Lipo, resulting in increased cytotoxic effects and tumorsphere inhibitory effects. However, in CD44^−^ gastric cancer cells, the cytotoxicity and tumorsphere inhibitory effects of CD44-SATB1-ILs did not differ from that of SATB1-Lipo. These data firmly demonstrated that CD44-SATB1-ILs were able to exert increased targeting and therapeutic effect toward gastric CICs, and CD44 antibodies could promote the targeting of nanoparticles to gastric CICs. As far as we know, this is the first research that the promotion of siRNA delivery to gastric CICs has been achieved by immunoliposomes.

The selection of gene target is important for the superior activity of our gene therapy. SATB1 is a validated anticancer target. Han et al reported that the overexpression of SATB1 has been found in aggressive breast cancer cells, and SATB1 expression level also had significant prognostic significance.[@b38-ott-11-6811] In highly aggressive cancer cells, gene silencing of SATB1 altered the expression of over 1,000 genes, reversed tumorigenesis, and inhibited tumor metastasis and growth in vivo.[@b38-ott-11-6811] In contrast, in non-aggressive cancer cells, ectopic SATB1 expression increased the expression of aggressive-tumor phenotype-associated genes.[@b39-ott-11-6811] Zheng also showed that SATB1 expression is higher in aggressive cancer than in non-aggressive cancer.[@b20-ott-11-6811] Similarly, forced overexpression of SATB1 in non-metastatic cells enhanced the invasion ability of tumors in mice, whereas suppression of SATB1 expression prevented tumor growth and metastasis in many tumors.[@b40-ott-11-6811],[@b41-ott-11-6811] Notably, SATB1 participates in maintenance of stem cells and CICs, suggesting that SATB1 represents a superior candidate target in both cancer cells and CICs.[@b22-ott-11-6811],[@b23-ott-11-6811] To our knowledge, there have been no studies that reported therapeutic effect of the inhibition of SATB1 expression against CICs. In this study, we confirmed that SATB1 suppression preferentially eliminated CD44^+^ gastric CICs in the cytotoxicity assay. In the tumorsphere formation assay, SATB1 suppression could also inhibit the number of tumor-spheres. The percentage of CD44^+^ cells in gastric cancer cells was significantly decreased after SATB1 suppression. Consistently, CD44-SATB1-ILs could also reduce the formation of colonies in gastric cancer cells. To our knowledge, this is the first report that demonstrated that SATB1 suppression is able to exhibit potential activity toward gastric CICs.

Taken together, the mechanism underlying the superior therapeutic effect of CD44-SATB1-ILs against gastric CICs is elucidated in [Figure 8](#f8-ott-11-6811){ref-type="fig"}. CD44-SATB1-ILs could efficiently target CD44^+^ gastric CICs and repress SATB1 expression, resulting in the proliferation inhibition of CD44^+^ gastric CICs and also the decrease of the percentage of CD44^+^ gastric CICs and tumorsphere formation in gastric cancer cells.

Conclusion
==========

This study is the first report of the potential activity of SATB1 suppression toward gastric CICs and also the first report of the promotion of siRNA delivery via nanoparticles to gastric CICs by utilization of targeting ligands. CD44-SATB1-ILs were confirmed to selectively target and eliminate CD44^+^ gastric CICs. Therefore, CD44-SATB1-ILs represent an up-and-coming approach for the therapy of gastric CICs.

Supplementary material
======================

###### 

Sequence of the primers and siRNA

  ---------------------------------------------------------------
  Primers     Forward primer (5′--3′)   Reverse primer (5′--3′)
  ----------- ------------------------- -------------------------
  β-Actin\    CGTGGACATCCGTAAAGACC\     ACATCTGCTGGAAGGTGGAC\
  SATB1       TGGTTGTCCCATGCAAACCT      TTTGGACGGAGACGACGAAG

  **siRNA**   **Sense (5′--3′)**        **Antisense (5′--3′)**

  NC\         UUCUCCGAACGUGUCACGUTT\    ACGUGACACGUUCGGAGAATT\
  SATB1       GGUGGUACAAACAUUUCAATT     UUGAAAUGUUUGUACCACCTT
  ---------------------------------------------------------------

**Abbreviation:** NC, negative control.
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![The development of siRNA-encapsulated immunoliposomes. A mixture of different lipids (DOTAP, cholesterol, DSPE-mPEG, and DSPE-PEG-Mal) was added to compose a dry lipid film.\
**Notes:** Then the hydration of the lipid film was done to form MLL, and the extrusion of the resultant MLL into unilamellar liposomes. The thiolated CD44 Fab' was incubated with the obtained liposomes to conjugate thiolated antibodies to liposomes. In the end, the liposomes were lyophilized, and the lyophilized liposomes were hydrated with siRNA solution to obtain CD44-SATB1-ILs (SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies.\
**Abbreviations:** DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; DSPE-mPEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine \[methoxy(polyethylene glycol)-2000\]; DSPE-PEG-Mal, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[maleimide(polyethylene glycol)-2000\]; MLL, multilayer liposomes; ULL, unilamellar liposomes.](ott-11-6811Fig1){#f1-ott-11-6811}

![The characteristics of liposomes.\
**Notes:** (**A**) The size, zeta potential, and EE of liposomes. (**B**) The stability of liposomes in different media. The liposomes were suspended in various media, including PBS, PBS with 10% FBS, or 20% FBS. Then the solution was incubated at 25°C for 5 days. In each day, an aliquot of liposomes was taken out for analysis of size change of liposomes. Data are presented as mean ± SD (n = 3). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes con jugated with CD44 antibodies; CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes; SATB1-Lipo, SATB1 siRNA-encapsulated liposomes.\
**Abbreviations:** EE, encapsulation efficacy; FBS, fetal bovine serum; NC, negative control.](ott-11-6811Fig2){#f2-ott-11-6811}

![The in vitro targeting of fluorescent liposomes to gastric cancer cells which were incubated with fluorescent liposomes (200 nM FAM-siRNA) for different lengths of time.\
**Notes:** After the incubation, the cells were washed, and the analysis of the fluorescence was carried out by flow cytometry. (**A**) The in vitro targeting of liposomes in MKN-45 CD44^+^ cells. (**B**) The in vitro targeting of liposomes in MKN-45 CD44^−^ cells. (**C**) The in vitro targeting of liposomes in NCI-N87 CD44^+^ cells. (**D**) The in vitro targeting of liposomes in NCI-N87 CD44^−^ cells. Data are presented as mean ± SD (n = 3). CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** NC, negative control.](ott-11-6811Fig3){#f3-ott-11-6811}

![The gene-silencing activity of liposomes on gastric cancer cells, evaluated by (**A** and **B**) RT-PCR and (**C**--**F**) Western blot.\
**Notes:** For RT-PCR, gastric cancer cells were incubated with liposomes (200 nM siRNA) for 6 hours. After incubation, the analysis of the SATB1 expression normalized to β-actin was done by RT-PCR at 72 hours. One-way ANOVA with Newman--Keuls post-test was carried out to compare the mean values among three or more groups. Data are presented as mean ± SD (n = 3). (**C**--**F**) The analysis of SATB1 suppression by Western blot. Gastric cancer cells were treated with liposomes (200 nM siRNA) for 6 hours and the SATB1 expression was analyzed at 72 hours. (**C** and **D**) One representative result of the Western blot analysis is shown. (**E** and **F**) The quantitative analysis of the Western blot result. The SATB1 expression normalized to β-actin was normalized to the SATB1 expression of the untreated group, and the quantity of the SATB1 expression of the untreated group was defined as 1.0. One-way ANOVA with Newman--Keuls post-test compared the mean values among three or more groups. Data are presented as mean ± SD (n = 3). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes con jugated with CD44 antibodies; CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes; SATB1-Lipo, SATB1 siRNA-encapsulated liposomes. \**P*\<0.05; \*\*\**P*\<0.001.\
**Abbreviations:** h, hours; NC, negative control; RT-PCR, reverse transcription polymerase chain reaction.](ott-11-6811Fig4){#f4-ott-11-6811}

![The analysis of cell viability by the CCK-8 assay. Gastric cancer cells were incubated with liposomes (200 nM siRNA) for 6 hours, and the analysis of the cell viability was done using the CCK-8 assay at 72 hours.\
**Notes:** One-way ANOVA with Newman--Keuls post-test was carried out to compare the mean values among three or more groups. (**A**) The cell viability of MKN-45 CD44^+^ cells; (**B**) the cell viability of MKN-45 CD44^−^ cells; (**C**) the cell viability of NCI-N87 CD44^+^ cells; and (**D**) the cell viability of NCI-N87 CD44^−^ cells. Data are presented as mean ± SD (n = 3). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes; SATB1-Lipo, SATB1 siRNA-encapsulated liposomes. \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; NC, negative control.](ott-11-6811Fig5){#f5-ott-11-6811}

![The impact of liposomes on the percentages of gastric cancer-initiating cells in gastric cancer cells (MKN-45 cells and NCI-N87).\
**Notes:** The experiment was carried out by the evaluation of the tumorsphere formation (**A** and **B**) and percentage of CD44^+^ cells (**C** and **D**). The percentage of tumorsphere formed of the treated group was normalized to the untreated control group of which the percentage is defined as 100%. The analysis of the percentage of CD44^+^ cells was done with flow cytometry after treatment of gastric cancer cells. Data are presented as mean ± SD (n = 6). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes; SATB1-Lipo, SATB1 siRNA-encapsulated liposomes. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** NC, negative control.](ott-11-6811Fig6){#f6-ott-11-6811}

![The colony formation assays.\
**Notes:** (**A**) The representative image of the colony formation after being stained with 1% crystal violet. (**B** and **C**) The number of colonies was counted. Data are presented as mean ± SD (n = 6). CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; CD44-NC-ILs, NC siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies; NC-Lipo, NC siRNA-encapsulated liposomes; SATB1-Lipo, SATB1 siRNA-encapsulated liposomes. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** NC siRNA, negative control siRNA.](ott-11-6811Fig7){#f7-ott-11-6811}

![The mechanism underlying the superior therapeutic effect of CD44-SATB1-ILs against gastric CICs.\
**Notes:** CD44-SATB1-ILs could efficiently target CD44^+^ gastric CICs and repress SATB1 expression, resulting in the proliferation inhibition of CD44^+^ gastric CICs and also the decrease of the percentage of CD44^+^ gastric CICs and tumorsphere formation in gastric cancer cells. CD44-SATB1-ILs, SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies.\
**Abbreviation:** CICs, cancer-initiating cells.](ott-11-6811Fig8){#f8-ott-11-6811}
